Excessive alcohol use in young adults is associated with greater impulsivity and neurobiological alterations in executive control systems. The maximum number of drinks consumed during drinking occasions ('MaxDrinks') represents a phenotype linked to vulnerability of alcohol use disorders, and an increase, or 'escalation', in MaxDrinks may be indicative of greater risk for problematic drinking. Thirty-six young adult drinkers performed a Go/No-Go task during fMRI, completed impulsivity-related assessments, and provided monthly reports of alcohol use during a 12-month follow-up period. Participants were characterized by MaxDrinks at baseline and after follow-up, identifying 18 escalating drinkers and 18 constant drinkers. Independent component analysis was used to investigate functional brain networks associated with response inhibition, and relationships with principal component analysis derived impulsivity-related domains were examined. Greater baseline MaxDrinks was associated with an average reduction in the engagement of a right-lateralized fronto-parietal functional network, while an escalation in MaxDrinks was associated with a greater difference in fronto-parietal engagement between successful inhibitions and error trials. Escalating drinkers displayed greater impulsivity/compulsivity-related domain scores that were positively associated with frontoparietal network engagement and change in MaxDrinks during follow-up. In young adults, an escalating MaxDrinks trajectory was prospectively associated with altered fronto-parietal control mechanisms and greater impulsivity/compulsivity scores. Continued longitudinal studies of MaxDrinks trajectories, functional network activity, and impulsivity/compulsivity-related features may lend further insight into an intermediate phenotype vulnerable for alcohol use and addictive disorders.
INTRODUCTION
Consumption of alcohol that exceeds recommended daily guidelines (eg, four drinks for women and five drinks for men; (NIAAA, 2004) ), or 'binge drinking', in adolescents and young adults is linked to the development of alcohol use disorders (AUDs) that can persist into adulthood (Hill et al, 2000; McCarty et al, 2004) , and chronic abuse of alcohol through the lifespan is associated with negative consequences that represent a substantial public health concern (Rehm et al, 2009 ). Binge drinking is common among young adults; however, most do not develop, or else remit from, an AUD by adulthood (Clark, 2004) , suggesting that some young adult binge drinkers may exhibit specific vulnerabilities for developing a persistent AUD. The maximum number of drinks consumed on a single occasion ('MaxDrinks') is linked to the development of AUDs and may represent a reliable phenotype for identifying individuals at risk for AUDs (Grant et al, 2009; Saccone et al, 2000) . An increase in the daily quantity consumed over time, or an 'escalation' in MaxDrinks, during early adulthood may further be indicative of a greater risk for developing AUDs (Auerbach and Collins, 2006; Schuckit et al, 2014) . Investigating neurobiological and impulsivity-related features associated with an escalation in MaxDrinks in early adulthood may help identify vulnerable populations and inform prevention and intervention strategies.
Binge drinking in early adulthood is associated with alterations in executive control systems, including structural impairments in frontal brain regions (Jacobus and Tapert, 2013) and functional alterations (frequently observed as hyperactivity in prefrontal neural responses) related to working memory, decision making, and response inhibition (Petit et al, 2013) . Less is known regarding the neurobiological features associated with an escalation in MaxDrinks in young adult drinkers. Adolescents who experience alcoholrelated blackouts (a possible indicator of high MaxDrinks drinking episodes) in early adulthood exhibit increased inhibition-related frontal activity relative to heavy drinking peers who do not experience blackouts (Wetherill et al, 2013) . Similarly, young adults who escalate to heavy drinking relative to peers who maintain drinking levels, or 'constantdrinking' peers, display increased activity in frontal regions in response to alcohol-related cues (Dager et al, 2014) . Direct examination of executive control mechanisms associated with increases in MaxDrinks may identify distinct neural correlates of AUD vulnerability.
Impairments in executive control mechanisms are associated with elevations in impulsivity and related domains (Bickel et al, 2012) , which in turn are linked to the development and persistence of AUDs (Lejuez et al, 2010) . Impulsivity is a multidimensional construct broadly encompassing behavioral dyscontrol associated with deficient inhibitory and/or aberrant motivational processes (Evenden, 1999) . With respect to addictive disorders, impulsivity is increasingly discussed alongside compulsivity, another multidimensional construct of behavioral dyscontrol, but associated with repetitive, habitual, and often stereotyped behaviors (Fineberg et al, 2014) . Dimensional analyses have identified an impulsivity-related domain integrating motivational aspect of impulsivity with compulsivity features-termed the 'impulsivity/compulsivity' domain-that is elevated in individuals with, or at risk for developing, addictive disorders (Castelluccio et al, 2014; Ginley et al, 2014; Hyatt et al, 2012; Meda et al, 2009; Patel et al, 2013) . Impulsivity/compulsivity features are elevated in young adults with a family history of alcoholism and are linked with abnormal neural processing in reward circuitry (Andrews et al, 2011; Yarosh et al, 2014) . Greater impulsivity/compulsivity is associated with increased alcohol-related consequences (ie, consequences possibly linked to high MaxDrinks drinking episodes) including blackouts, passouts, and feeling sick (Dager et al, 2014) .
The current study investigated associations between MaxDrinks, executive control mechanisms involved in response inhibition, and impulsivity-related features in young adult drinkers. College students were assessed according to MaxDrinks at baseline and reclassified following 12 months of self-reported alcohol use as constant or escalating drinkers. We employed independent component analysis (ICA; (Calhoun et al, 2001) ) to examine functional brain networks during baseline performance of a Go/No-Go response inhibition task, and used principal component analysis derived (PCA-derived) composite impulsivityrelated domain (CIRD) scores from multiple self-report questionnaires and behavioral tasks. We hypothesized that individuals who escalated in MaxDrinks relative to constant drinkers would exhibit a greater baseline engagement of networks encompassing fronto-parietal regions during a successful response inhibition. We also expected functional network engagement and prospective change in MaxDrinks would be linked to impulsivity-related domains, and in particular an impulsivity/compulsivity-related domain.
MATERIALS AND METHODS

Participants
Participants were 36 young adult drinkers recruited as part of the NIAAA-funded Brain and Alcohol Research in College Students (BARCS) research program (Ahmadi et al, 2013; Dager et al, 2014; Khadka et al, 2014) . Individuals enrolled in the BARCS program provided a drinking history and completed a battery of psychometric tests including assessments of impulsivity-related domains. Participants submitted monthly reports of alcohol consumption, substance use, and other information through a secure website. Individuals were excluded from participating in fMRI procedures for a history of psychotic or bipolar disorder (assessed using the Mini International Neuropsychiatric Interview (MINI; (Sheehan et al, 1998) ), significant brain injury, positive urine screen for illicit drugs or pregnancy, or any condition that would interfere with the ability to safely complete MRI procedures (eg, metallic implants and claustrophobia).
A subset of individuals in the BARCS program completed the Go/No-Go task during fMRI at baseline (N = 123). To address hypotheses related to prospective increases in MaxDrinks in young adult drinkers, individuals were excluded if they reported no lifetime drinking (N = 17) or did not complete at least one monthly report of alcohol use every quarter for the 12-month period following fMRI (N = 49). Additional participants were excluded for a high baseline MaxDrinks (N = 12) as individuals exhibiting a high MaxDrinks in early adulthood follow different MaxDrinks trajectories than their peers (Schuckit et al, 2014) . For the purposes of this preliminary study, high MaxDrinks was defined as three or more drinks in excess of NIAAA guidelines for binge drinking episodes (NIAAA, 2004) ; ie, individuals with a baseline MaxDrinks of 7+ for females and 8+ for males were excluded from analyses. Consistent with previous reports (Schuckit et al, 2014) , the high MaxDrinks individuals averaged three times the MaxDrinks relative to non-high MaxDrinks participants (MaxDrinks (SD) = 10.3 (3.2) and 3.1 (2.1), respectively) and averaged a decrease in MaxDrinks (average change = − 2.6 (4.2) drinks) during follow-up. Of those excluded for insufficient follow-up reports, baseline interviews indicated over half would have been excluded from analyses for no history of alcohol use (N = 7) or a high baseline MaxDrinks (N = 25). Additional participants were excluded from analyses for meeting criteria for a current substance use disorder (N = 2) or moving excessively throughout fMRI (N = 7). The sample of 36 individuals represents a portion of participants included in an initial cross-sectional study (Ahmadi et al, 2013) . Study procedures were approved by institutional review boards at Yale University, Hartford Hospital, Trinity College, and Central Connecticut State University, and participants provided written informed consent.
Baseline Assessments and MaxDrinks Trajectory
Baseline alcohol use (as well as histories of substance use, mood and anxiety disorders) was assessed using an in-house interview incorporating items from the Semi-Structured Assessment for the Genetics of Alcoholism (SSAGA; (Bucholz et al, 1994) ), Structured Clinical Interview for the DSM-IV (SCID; (First et al, 2001) ), and MINI (Sheehan et al, 1998) . Follow-up drinking behavior was assessed using the online monthly reports of drinking behavior for the 12 months following scanning. MaxDrinks was assessed with the question: 'What is the largest number of drinks containing alcohol that you have consumed in a 24-hour period…in the past 6-months (baseline)? or...in the past month (follow-up)?', and participants were provided standard drink units to assist in responding (ie, 'one drink equals: one 12-oz can or bottle of beer, one 5-oz glass of wine, one 12-oz wine cooler, or 1 oz of liquor straight or in a mixed drink').
Participants were median-split by past 6-month MaxDrinks (0-3, N = 19, 4-7, N = 17) to examine group differences at baseline. Individual MaxDrink trajectories were determined by comparing baseline MaxDrinks to the maximum Maxdrinks reported over the 12-month follow-up period. For the purposes of this preliminary study, 'escalating drinkers' were identified as participants displaying any increase in MaxDrinks during follow-up (N = 18), while 'constant drinkers' did not exceed baseline MaxDrinks during follow-up (N = 18).
Go/No-Go Task
Participants completed the Go/No-Go task described previously (Ahmadi et al, 2013; Steele et al, 2013; Stevens et al, 2007) during fMRI. Participants were instructed to press a button in response to all Go stimuli ('X', presented at a variable ratio of 17 : 20) and withhold responses to No-Go stimuli ('K', presented at a variable ratio of 3 : 20). Stimuli were presented for 250 ms with pseudorandom intertrial intervals of 1, 2, or 3 s. No-Go stimuli were presented~8-15 s apart. The task was administered in two runs of 246 trials, each lasting~7.5 min. Task instructions emphasized speed and accuracy equally, and participants completed 10 practice trials before scanning. Responses within 1 s of stimulus onset were considered hits and errors for Go and No-Go trials, respectively.
Image Acquisition and Processing
Neuroimaging procedures were conducted on a Siemens Allegra 3T system (Siemens AG, Erlangen, Germany). Functional images were acquired using an echo planar image gradient echo pulse sequence covering the whole brain (TR/TE:1500/28 ms, flip angle:65°, FOV:24 × 24 cm, matrix:64 × 64, 3.4 × 3.4 mm in-plane resolution, 5 mm effective slice thickness, 30 slices). A total of 294 volumes were collected for each functional run, including an initial rest period of 9 s to allow for signal stabilization that was removed before image processing. Functional images were spatially processed using SPM8 (Wellcome Functional Imaging Laboratory, London, UK). Images were corrected for differences in slice acquisition time, and each run was independently realigned, normalized into Montreal Neurological Institute space at an isometric voxel size of 3 × 3 × 3 mm, and smoothed with a 6-mm FWHM Gaussian kernel. Seven runs (from four escalating and three constant drinkers) with motion in excess of 4.5 mm or 3°were excluded from subsequent analysis, leaving a total of 65 Go/No-Go runs across the 36 participants. All significant observations survived subsequent analyses that excluded all data from participants with excessive motion in a single run (ie, N = 29).
Independent Component Analysis
ICA was performed as previously (Stevens et al, 2007) using the Group ICA of fMRI Toolbox (GIFT v2.0e; http://icatb. sourceforge.net). The dimensionality of the data set was estimated using minimum description length (MDL) criteria (Li et al, 2007) . A total of 45 (ie, MDL estimate mean [17] +maximum [28] ) components were extracted as higherorder ICA procedures improve the spatio-temporal quality of components (Abou-Elseoud et al, 2010) . Analysis involved the concatenation of data into a single group that was reduced through a two-stage PCA. Components were extracted from the group aggregate using neural network algorithms designed to maximize independence of network outputs (Bell and Sejnowski, 1995) . This process was iterated 20 times using ICASSO (Himberg et al, 2004) to assess stability and consistency of component extraction. Individual component time courses were reconstructed and scaled to percent BOLD signal change to facilitate comparisons between participants (Calhoun et al, 2001) .
The resulting independent components represent functional brain networks, or systems of brain regions displaying temporally coherent activity. Multiple regression analysis of network time courses with the modeled hemodynamic activity associated with task event onsets (ie, Go-hits, No-Go correct omissions, and No-Go commission errors) produced β-weights used to identify networks associated with task events. This process is similar to traditional GLM-based analysis of fMRI data; however, instead of comparing the modeled activity with the measured BOLD signal in each voxel, the model is compared with the time course for each network (ie, a component of the measured BOLD signal that is observed in the source regions comprising a functional network). The resulting β-weights thus indicate the strength of association of each network with each task event. These β-weights represent a measure of 'engagement' or 'recruitment' of each network during task performance (Calhoun et al, 2001) . One-sample t-tests identified 11 out of the 45 networks relating to correct omissions (P FDR o0.001). Subsequent paired t-tests identified 3 out of the 11 networks that were differentially engaged by correct omissions (ie, successful response inhibition) as compared with commission errors (P FDR o0.05).
Composite Impulsivity-Related Domains
At baseline, participants completed a battery of impulsivityrelated assessments including the Barratt Impulsiveness Scale (BIS-11; (Patton et al, 1995) ), Behavioral Inhibition/Activation System scale (BIS/BAS; (Carver and White, 1994) ), Padua Inventory (Sanavio, 1988) , Sensitivity to Punishment and Sensitivity to Reward Questionnaire (SPSRQ; (Torrubia et al, 2001) ), Zuckerman Sensation-Seeking Scale (ZSSS; (Zuckerman and Neeb, 1979) ) Balloon Analog Risk Task (BART; (Lejuez et al, 2002) ), and experiential discounting task (EDT; (Reynolds and Schiffbauer, 2004) ). Impulsivityrelated domain scores were derived from a PCA performed on a larger sample of BARCS participants (N = 440). Consistent with research indicating dimensional constructs of impulsivity associated with substance-related and addictive disorders (Castelluccio et al, 2014; Ginley et al, 2014; Hyatt et al, 2012; Meda et al, 2009; Patel et al, 2013) ), six impulsivity-related domains were identified within the 18 subscale and total scores. A full report of the PCA analysis is currently under review (Khadka et al, under review) ; however, additional details of the PCA analysis are provided in Supplementary Material.
Statistical Analysis
Analyses of network engagement were performed using repeated measures (success × error) analysis of variance (ANOVAs) with baseline-and prospective-drinking group factors. Post-hoc repeated measures analyses of identified main effects of prospective-drinking on network engagement were performed with nuisance covariates to control for potential influences of baseline drinking measures (ie, weeks and days per week drinking). Statistical analyses of impulsivity-related domains were performed using multivariate (to examine global differences in impulsivity) and univariate (to examine specific differences related to the impulsivity/compulsivity domain) ANOVAs with baselineand prospective-drinking group factors. Exploratory correlational analyses were conducted to examine relationships between MaxDrinks and change in MaxDrinks as continuous measures, network engagement metrics and impulsivityrelated domain scores.
RESULTS
Participants, Task Performance, and Drinking Behavior
Participant characteristics, task performance measures, and drinking behaviors are listed in Table 1 . Participants did not differ demographically or in frequencies of lifetime and family history of AUDs, marijuana and tobacco use or lifetime depressive disorders (no participants met criteria for other Axis-I conditions) relative to baseline-or prospectivedrinking category. Participants performed similarly on the Go/No-Go task and completed a comparable percentage of monthly surveys during follow-up. Go/No-Go performance did not differ from never-drinkers or baseline high MaxDrink drinkers (ie, participants excluded from ICA; P's40.2) and was similar to healthy adolescents and adults in previous studies using the same task (Steele et al, 2013; Stevens et al, 2007) . Baseline groups (0-3 MaxDrinks as compared with 4+ MaxDrinks) did not differ in follow-up MaxDrinks or change in MaxDrinks during follow-up (P's40.1; Table 1); and baseline MaxDrinks was not correlated with follow-up change in MaxDrinks (r = − 0.07, P = 0.67).
Half of all participants exhibited some escalation in MaxDrinks during the 12-month follow-up. There was no difference in escalating-drinking relative to baseline mediansplit MaxDrinks groups (χ 2 = 0.11, P = 0.74), with 10 of the 19 young adult drinkers with 0-3 MaxDrinks at baseline increasing in MaxDrinks during follow-up, and 8 out of the 17 participants with 4+ MaxDrinks at baseline increasing in MaxDrinks during follow-up. Escalating drinkers did not differ from constant drinkers on baseline measures of drinking behavior (ie, number of weeks in the past 6-months, days drinking per week, and MaxDrinks; P's40.2, Table 1 ). Escalating drinkers drank more regularly/frequently during follow-up than constant drinkers (i.e, percent months and days per month; P'so0.01, Table 1 ).
Functional Brain Networks
ICA identified three components representing distinct networks of functionally coherent brain activity that were associated with successful response inhibition during Go/No-Go performance. The regional integration and taskrelatedness of each component are displayed in Figure 1a -c and a detailed list of the clusters comprising each component is provided in Table 2 .
A right-lateralized fronto-parietal network (Figure 1a ) was more positively engaged during successful response inhibition than during commission errors across all participants (F 1,33 = 15.48, Po0.001). There was a main effect of prospective-drinking group on within-subject fronto-parietal engagement, with escalating compared with constant drinkers exhibiting a greater difference in engagement between successful inhibitions and commission errors (F 1,33 = 5.77, P = 0.022). Success-and error-related β-weights did not differ between prospective-drinking groups (P's40.07). Prospective-drinking group differences in within-subject network engagement survived post-hoc tests that included nuisance covariates for baseline drinking measures (i.e, baseline MaxDrinks, weeks drinking and days per week drinking; Po0.026). There was a main effect of baseline drinking group on within-subject fronto-parietal network engagement with the 4+ MaxDrinks group exhibiting a greater difference in engagement between successful inhibitions and commission errors (F 1,33 = 4.81; P = 0.035). There was also a main effect of baseline group on between-subject network engagement (ie, the average engagement associated with both successes and errors) with 4+ MaxDrinks group displaying a reduced average fronto-parietal engagement relative to the 0-3 MaxDrinks group (F 1,33 = 8.59, P = 0.006). Greater fronto-parietal engagement during successful inhibition relative to commission errors was associated with faster overall reaction times (r = − 0.43, P = 0.009) and increased commission error rates (r = 0.42, P = 0.012).
An anterior dominant default mode network (Figure 1b ) was more negatively engaged (or more 'disengaged') during successful response inhibition than commission errors across all participants (F 1,33 = 7.85, P = 0.008). There were no main effects of prospective or baseline drinking group on withinor between-subject engagement of the default mode network (F 1,33 'so0.4, P's40.5). Greater default mode network disengagement during successful inhibition relative to commission errors was associated with faster overall reaction times (r = 0.46, P = 0.005) and increased commission error rates (r = − 0.61, Po0.001).
A temporo-occipito-parietal network (Figure 1c ) was more positively engaged during successful response inhibition than commission errors across all participants (F 1,33 = 8.37, P = 0.007). There were no main effects of prospective or baseline drinking group on within-or between-subject engagement of the temporo-occipito-parietal network (F 1,33 'so0.5, P's40.5). Greater network engagement during successful response inhibition relative to commission errors was associated with slower overall reaction times (r = 0.34, P = 0.044) and reduced commission errors (r = − 0.41, P = 0.012).
Impulsivity-Related Domains
Identified CIRD scores by baseline and prospective-drinking groups are listed in Table 1 . PCA on 440 young adults in the larger BARCs study identified six domains: CIRD1, impulsive action (BIS-11 attentional, motor and nonplanning subscales, ZSSS disinhibition); CIRD2, approach/ appetite motivation (BIS/BAS drive, fun-seeking, and reward-responsivity subscales); CIRD3, impulsivity/compulsivity (SPSRQ reward and punishment sensitivity scores and Padua compulsivity score); CIRD4, experience and thrill seeking (ZSSS thrill/adventure-seeking, experience-seeking, BIS/BAS inhibition); CIRD5, risky choice (BART total pumps, total explosions and adjusted total pumps); and CIRD6, impulsive choice (EDT area under the curve total score).
Multivariate analyses revealed a main effect of baseline drinking group (F 6,28 = 3.15, P = 0.018), with the 4+ MaxDrinks group relative to the 0-3 MaxDrinks group exhibiting greater impulsivity across domain scores. A main effect of prospective-drinking group across the six impulsivity-related domains did not reach significance (F 6,28 = 2.02, P = 0.096). Given specific hypothesis regarding the impulsivity/ Prospective MaxDrinks in young adults PD Worhunsky et al Figure 1 Regional integration of functional networks related to successful response inhibition displayed at cluster-corrected P FWE o0.01 (voxelwise P uncorrected o0.001). Bar graphs display task-related engagement (β-weight) associated with average (success+error) or differential (success, error) by baseline and prospective-drinking group (error bars indication SEM). A right-lateralized fronto-parietal network (a) was on average lower in the 4+ MaxDrinks group relative to 0-3 MaxDrinks groups at baseline (**Po0.01), while escalating drinkers as compared with constant drinkers exhibited a greater difference in network engagement between successful and error trials (*Po0.05). Default mode (b) and temporo-occipito-parietal (c) networks did not differ between baseline or prospective-drinking groups.
Prospective MaxDrinks in young adultscompulsivity domain, additional analyses examining prospective group differences in CIRD3 revealed that escalating as compared with constant drinkers displayed greater impulsivity/compulsivity scores (t 1,32 = 2.48, P = 0.018; Table 1 ), while a difference in impulsivity/compulsivity between baseline MaxDrinks groups did not reach significance (P = 0.07; Table 1 ).
Exploratory Correlational Analyses
As groups were defined using convenience criteria, correlational analyses were performed to explore relationships between baseline and follow-up MaxDrinks, fronto-parietal engagement, and impulsivity-related domain scores. Consistent with observed group differences, baseline MaxDrinks was negatively correlated with average (success +error) fronto-parietal engagement (r = − 0.42, P = 0.011; Figure 2a) ; however, there was no association between baseline MaxDrinks and differential (success − error) frontoparietal engagement (r = 0.2, P40.3). Impulsivity/compulsivity domain scores did not correlate with baseline MaxDrinks (P40.1). Excluding one participant with a follow-up change in MaxDrinks 3 SD greater than the group average, change in MaxDrinks was correlated with differential fronto-parietal engagement (r = 0.41, P = 0.014; Figure 2b ), consistent with group analyses. Impulsivity/ compulsivity scores were positively associated with follow-up change in MaxDrinks (r = 0.42, P = 0.012; Figure 2c ). Finally, impulsivity/compulsivity scores were positively associated with differential fronto-parietal engagement across all participants (r = 0.52, P = 0.001; Figure 2d ).
DISCUSSION
The current study investigated functional brain networks associated with executive control during response inhibition and impulsivity-related domains in young adult drinkers who escalated in maximum number of drinks consumed on a single occasion, or 'MaxDrinks', relative to peers who remained at constant MaxDrinks drinking levels during a 12-month follow-up. Consistent with hypotheses, escalating drinkers relative to constant drinkers exhibited a greater difference in engagement of a fronto-parietal attentional/ control network during successful inhibition as compared with commission errors. This difference in fronto-parietal engagement was associated with the difference in MaxDrinks from baseline to follow-up and with impulsivity/compulsivity domain scores. The results from this initial study suggest an escalation in MaxDrinks may be associated with alterations in executive control mechanisms at a crucial period of AUD development. Associations between escalating MaxDrinks, functional network activity and impulsivity/ 
Response Inhibition and Escalating MaxDrinks
Inhibitory executive control in adolescent and young adult drinkers is of particular interest in understanding the acquisition and persistence of AUDs into adulthood (López-Caneda et al, 2013) . Consistent with previous findings (Stevens et al, 2007) , ICA identified three functional brain networks associated with successful response inhibition. The fronto-parietal, default mode, and temporooccipito-parietal networks identified were largely consistent with previously identified networks (Stevens et al, 2007) , although differences in regional integration may be attributed to the higher dimensional ICA reduction method (Abou-Elseoud et al, 2010) used in the current study. All identified networks were significantly related to task performance measures. Increased fronto-parietal engagement during successful response inhibition in young adult escalating drinkers is consistent with research in substance-naive adolescents who transitioned to heavy episodic drinking and experience blackouts in early adulthood (Wetherill et al, 2013) . Engagement of the right-lateralized fronto-parietal network has been linked not only to response inhibition but also several other executive functioning domains including attention, memory, and decision making (Laird et al, 2011) . As an executive control system, the fronto-parietal network may mediate activity between goal-directed, taskdependent processes and internal, default mode processes (Chen et al, 2013) . This effective relationship of frontoparietal activity on default mode processes appears underdeveloped in adolescents during response inhibition (Stevens et al, 2007) . Fronto-parietal hyper-engagement in escalating drinkers may thus reflect a global cognitive functioning impairment in that successful response inhibition requires an increased coordination of goal-directed and internal processes, while this mechanism may be more developed, or less impaired, in young adult constant drinkers.
Regarding MaxDrinks at baseline, a similar pattern of greater success − error differential engagement was observed in the 4+ MaxDrinks group relative to the 0-3 MaxDrinks group, although this difference was observed along with a blunted average (success+error) engagement of the frontoparietal network. This finding is in line with previous research associating binge drinking with increased responseinhibition-related activity in frontal and parietal regions (see (Petit et al, 2013) ), and extends support for compensatory models of fronto-parietal hyperactivity in young binge drinkers (ie, increased demand-related activity is needed to overcome tonically deficient control mechanisms) (Scheurich, 2005) . Information regarding the chronicity of drinking at MaxDrinks levels prior to baseline was not available in the current study; however, fronto-parietal impairments in young adult drinkers may reflect a combination of predisposing vulnerabilities and neural consequences of heavy drinking (Jacobus and Tapert, 2013) .
There were no prospective or baseline drinking group differences in default mode or temporo-occipito-parietal network engagement during response inhibition. Default mode network alterations have been observed in adult alcoholics during resting state, although increased connectivity patterns may compensate for these deficiencies during task performance (Müller-Oehring et al, 2014) . The temporo-occipito-parietal network may facilitate the integration of ventro-lateral and dorsal visual streams involved in stimuli shape detection (eg, 'X' or 'K' in the current Go/NoGo task) (Zachariou et al, 2014) . The lack of MaxDrinksrelated differences in these networks in young drinkers suggests these mechanisms may be intact during response inhibition.
Impulsivity-Related Domains and MaxDrinks Trajectories
Young adult escalating drinkers relative to constant drinkers exhibited greater impulsivity-related domain scores linked to reward/punishment-sensitive impulsivity (SPSRQ sensitivity to punishment and sensitivity to reward scores) and compulsivity (Padua Inventory scores). The current finding of broadly elevated impulsivity-related features in baseline 4+ MaxDrink drinkers, but greater compulsivity-related features in escalating drinkers suggests the proposed transition from impulsive to compulsive tendencies in addictive disorders (Fineberg et al, 2014) may predate the acquisition of AUDs in some young adults. The reward/punishment-sensitive aspects of the impulsivity/compulsivity domain, as compared with similarly constructed but separately identified behavioral activation/inhibition domain, suggests an integration of motivational features related to specific rewards and consequences (Torrubia et al, 2001) . The elevated impulsivity/ compulsivity in escalating drinkers is consistent with research linking this domain with increased frequencies of binge-drinking-related consequences in young adults (Dager et al, 2014) , and research implicating this domain in other addictive disorders (Castelluccio et al, 2014; Ginley et al, 2014; Hyatt et al, 2012; Meda et al, 2009; Patel et al, 2013) . Greater impulsivity/compulsivity in young adults may reflect a specific vulnerability for escalating-drinking behavior or addictive disorders more broadly, and additional longitudinal studies are needed to further explore the progression of impulsive and compulsive features in AUDs and addictions.
MaxDrinks, Executive Control and Impulsivity/Compulsivity as an AUD Vulnerable Intermediate Phenotype
MaxDrinks is linked to the development of AUDs and associated with genetic markers related to alcohol metabolism (Grant et al, 2009; Saccone et al, 2000) , suggesting
MaxDrinks may be considered a phenotype related to AUD vulnerability. Similarly, as reviewed above, impulsivity/ compulsivity is linked to addictive disorders (eg (Meda et al, 2009) ) and associated with genetic pathways involving brain development that may influence the maturation and organization of executive control systems Stevens et al, 2009) . Future studies should examine the extent to which genetic mechanisms may influence the development of executive control (perhaps the frontoparietal system in particular) in relation to impulsivity/ compulsivity features that may predispose individuals to the development of addictive disorders.
In this initial study, while baseline MaxDrinks did not predict a follow-up change in MaxDrinks, fronto-parietal functioning was associated with both MaxDrinks at baseline and a follow-up change in MaxDrinks. Thus, alterations in executive control mechanisms (expressed as elevated impulsivity/compulsivity) may influence the risk associated with the relationships between MaxDrinks, escalatingdrinking, and AUDs. However, these possible vulnerability factors (ie, MaxDrink-related and executive-control-related) may not be entirely independent as adolescents with a family history of AUDs display reduced fronto-parietal functional connectivity and impaired prefrontal response inhibition processing relative to family history-negative peers (Hardee et al, 2014; Wetherill et al, 2012) . Furthermore, as individuals displaying escalating-drinking patterns into young adulthood are more likely to develop non-alcohol substance use disorders (Hill et al, 2000) , these impairments may not be specific to alcohol use, but perhaps addictive behaviors more broadly.
Limitations and Future Directions
The current study is limited by relatively small samples, and represents a preliminary investigation that requires replication in larger cohorts. Sample sizes limited the ability to investigate potential influences of multiple factors that may be associated with escalating-drinking, including gender, socioeconomic status, and pubertal timing, or investigate mutliple trajectories of MaxDrinks through young adulthood (Schuckit et al, 2014) . Although baseline and prospectivedrinking categories were defined using convenience criteria relative to MaxDrinks, escalating drinkers relative to constant drinkers displayed increases in non-MaxDrinksrelated frequency of alcohol use (ie, months of drinking and days drinking per month). Thus group distinctions based on MaxDrinks alone may have captured a broader pattern of frequent heavy alcohol use, and perhaps tolerance-related influences on drinks consumed that may differ from escalating MaxDrinks as a risk behavior. Although functional network activity and impulsivity-related factors were not associated with follow-up drinking frequency metrics, data assessing tolerance were not available in the current study. MaxDrinks trajectories were investigated in a convenience sample of college student drinkers during a 12-month period from approximately age 18/19 to age 19/20 years. Future research is needed to examine the relationships of observed findings to the neural correlates and impulsivity-related features of non-drinkers, and MaxDrink trajectories in high MaxDrinks drinkers.
